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ABSTRACT 
Antimicrobial peptides are promising alternative to traditional antibiotics and antitumor drugs for 
the battle against new antibiotic resistant bacteria strains, and cancer maladies. The study of their 
structural and dynamics properties at physiological conditions can help to understand their 
stability, delivery mechanisms and activity in the human body. In this paper, we have used 
molecular dynamics simulations to study the effects of solvent environment, temperature, ions 
concentration, and peptide concentration on the structural properties of the antimicrobial hybrid 
peptide Cecropin A – Magainin 2.  In TFE/water mixtures, the structure of the peptide retained 
α-helix contents and an average hinge angle in close agreement with the experimental NMR and 
CD measurements reported in literature. Compared to the TFE/water mixture, the peptide 
simulated at the same ionic concentration lost most of its α-helix structure. The increase of 
peptide concentration at both 300 and 310 K resulted in the peptide aggregation. The peptides in 
the complex retained the initial N-ter α-helix segment during all the simulation. The α-helix 
stabilization is further enhanced in the high salt concentration simulations. The peptide 
aggregation was not observed in TFE/water mixture simulations and, the peptide aggregate, 
obtained from the water simulation, simulated in the same conditions did dissolve within few 
tens of nanoseconds. The results of this study provide insights at molecular level on the structural 
and dynamics properties of the CA-MA peptide at physiological and membrane mimic 
conditions that can help to better understand its delivery and interaction with biological 
interfaces. 
Keywords: Molecular dynamics simulations, peptide aggregation, 2,2,2-Trifluoroethanol, 
peptide conformation, antimicrobial peptide 
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INTRODUCTION 
Antimicrobial peptides (AMP) are produced by many organisms, including mammals, 
amphibians, and insects.
1-7
 It has been recognized that these peptides play an important role in 
both the host defense system and the innate immunity. For this reason, they are considered as 
possible alternative to traditional antibiotics for the battle against new drug resistant bacteria 
strains and cancer cells.
8,9
 In the quest for peptides with improved antibacterial and anticancer 
activities (but without toxic effects on healthy eukaryotic cells), the use of systematic 
combination of natural peptide amino acids sequences resulted in different novel hybrid 
peptides.
10-12
 Among these, the ones recently obtained by the combination of the Cecropin A 
(CA) and the Magainin 2 (MA) peptides, have shown promising anticancer and antibacterial 
activity.
10-12
 CA is a 37 amino acids antimicrobial peptide present in the hemolymph of 
Hyalophora cecropia pupae,
2,4,10,11,13-15
 and MA is 23 amino acids long peptide extracted from 
the skin of the African clawed frog, Xenopus laevis.
1,4,5,16,17
 Both, CA and MA have strong lytic 
activities against Gram-positive and Gram-negative bacteria without toxic effects for eukaryotic 
cells, such as human erythrocytes.
1,2,4,5
 Among the different hybrid peptides derived from CA 
and MA peptides, the one composed by combining the residues 1-8 of first and 1-12 of second 
one with the resulting sequence KWKLFKKI-GIGKFLHSAKKF-CONH2, showed better 
antibacterial and antitumor activity compared to the starting peptides.
12,18,19
 The structure of the 
CA-MA peptide in solution has been investigated by Nuclear Magnetic Resonance (NMR) 
spectroscopy and Circular Dichroism (CD).
12,20,21
 The structure has been determined for 
concentrations up to 100 µg/ml and in three different membrane mimic solutions environments: 
50 % (v/v) trifluoroethanol(TFE)/water solution,
21
 30 mM sodium dodecylsulphate (SDS)
21
 and 
dodecylphosphocholine (DPC)
18
 micelle. The NMR peptide conformation in 50% TFE/water 
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mixture have been described
21
 but, unfortunately, the coordinates are not available. From the CD 
measurements in phosphate buffer, the α-helix percentage was found as low as 5.9 % was 
observed.
21
 On the contrary, in 50 % TFE and 30 mM sodium dodecylsulphate (SDS), it 
increases up to 54.4% and 14.1%, respectively.
21
 The only available NMR conformations of the 
CA-MA peptide are those obtained in DPC micelles. For these conformations, the average 
content of α-helix structure, calculated using the DSSP program (see Results), is 45±10 %. The 
average conformation consists of two α-helices separated by a flexible hinge region with 
sequence G9-I10-G11.
18,21
 Experimental studies suggest that the α-helical propensity of 
antimicrobial peptides and the presence of a flexible hinge region play an important role in the 
mechanism of pore formation throughout cell membrane, and, therefore, in their bactericidal and 
tumoricidal capabilities.
18,21
 In particular for the CA-MA peptide, the deletion of G9-I10-G11 as 
well as the substitution of the I10 with proline resulted in a decrease of bactericidal activity 
against B.subtilis and E.coli, and anti-cancer activity against four different cancer cell lines. On 
the contrary, the substitution of the sequence with proline (CA-MA-P2 peptide) retained a 
similar antimicrobial activity and showed even better anticancer activities than CA-MA. 
18,21
 
Another important aspect, not yet investigated at molecular level for this peptide, is its actual 
“disordered” conformation in buffer solution and the effects of ionic strength, temperature and 
peptide concentration on it. The last ones can influence the mechanism of interaction with the 
cell membrane, and, hence, its antibiotic and antitumor activity.  Concerning ionic strength of the 
buffer solution, experimental studies of the similar P18 peptide (the above mentioned CA-MA-
P2 with in addition the Ser14Leu substitution) in the presence of physiological NaCl 
concentration (100-200 mM) have evidenced a strong resistance on antimicrobial activity against 
bacterial strains and the fungus C. albicans compared to the MA peptide.
22
 Recent computational 
studies have also suggested the importance of the peptide aggregation in driving mechanism of 
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pore formations in lipid bilayers.
23,24
 The aggregation of the peptide in small soluble clusters in 
solution can provide an efficient recruiting mechanism to increase its local concentration on the 
cellular surface and promote the pore formation more efficiently.  
Molecular Dynamics (MD) simulation is a powerful method to study at atomistic level 
disordered structures of peptides and small proteins in solution being, nowadays, possible to 
easily reach simulation time scales of several hundred nanoseconds at which these phenomena 
become interesting. In this paper, we have used this computational approach with the aim to 
study the behavior of the CA-MA hybrid peptide in aqueous media at different ionic strength 
conditions, temperatures and peptide concentrations. We report results of MD simulations of the 
CA-MA peptide in pure water and in the presence of 150 mM NaCl 
 
(similar to the concentration 
in the human blood plasma
25
), and at two different temperatures (300 and 310 K, 37 
o
C, the 
average temperature of the human body) and peptide concentrations. In addition, simulations of 
two different peptide concentrations in the model of membrane mimic environment constituted 
by a mixture of 50% v/v TFE/water are also reported.  
The paper is organized as follows. In the Material and Methods section, the technical details of 
the MD simulations are provided. Thereafter, the results obtained out of the simulations of single 
and four CA-MA peptides in different conditions are reported. In the Discussion and Conclusion 
section, the results will be compared and summarized with the available experimental data and 
MD simulations studies of similar peptides. 
MATERIAL AND METHODS 
System setup and force field. As starting coordinates of CA-MA hybrid peptide, the first NMR 
model structure of the 20 lowest-energy structures calculated from the NMR data of the peptide 
in DPC micelle (Protein Data Bank (PDB), entry code 1D9J
18
, see Figure S1A of Supporting 
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Information, SI) was used.  The peptide was centered in cubic boxes of size 10 nm and the empty 
space was filled with water molecules by stacking an equilibrated box of 216 water molecules. 
The water molecules within 0.25 nm from the solute atoms were removed. Cl
-
 counter ions were 
added to keep the system neutral for the simulation boxes with one and four CA-MAs. Two set 
of MD simulations at different ionic strength were performed. In the low salt concentration 
(LSC) simulations, only the Cl- ions necessary to neutralize the positive charges on the 
peptide(s) were added. For the simulations at high salt concentration (HSC), beside the 
neutralizing counter ions, extra Na
+
 and Cl
-
 ions were added to obtain a final concentration of 
~150 mM. In addition, simulations with 4 peptides (corresponding to a concentration of 6.45 
mM) were performed to study the effect of temperature and ion concentration on the peptide 
aggregation. The first NMR model from the PDB was used as starting structure of the 4 peptides 
was used for the simulations 4W300, 4I300 and 4I310 (see Figure S1B of SI). For water, the 
Simple Point Charge (SPC) model was used in all the simulations.
26
 For the peptide and ions the 
GROMOS54a7
27
 force field was used.  
To study the effect of membrane mimic environment, simulations in 50% by volume of TFE-
containing aqueous solutions were performed at the same peptide concentrations. Although the 
structure of the peptide in TFE/water has not yet been deposited in the PDB, we decided to study 
the peptide in this environment since a well-tested
28,29
 GROMOS model for MD simulations of 
TFE solvent is available
30
 and several previous MD studies of different peptides in this solvent 
have been conducted by one of the author.
28,29,31
 This model has been accurately optimized to 
reproduce the properties of mixtures with water.
30
 In particular, two simulations were carried out 
to study the effect of the TFE co-solvent on the peptide aggregation. In the first one (4T300S), 
the same NMR conformation was used as starting structure for all the four peptides (see Figure 
S1B of SI) present in the simulation box. In the second one (4T300L), the coordinates of the four 
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peptides aggregate obtained after 500 ns of the 4W300 simulation (see Figure S1C of SI) were 
used as starting conformation.    
In Table 1, a summary of the composition and temperature conditions of the simulated systems is 
reported. 
MD simulations. MD simulations were performed using GROMACS (version 4.5.5) software 
package. The LINCS algorithm
32
 was applied in order to constraint the bond lengths during the 
simulation. The integration time step was set equal to 2 fs. The temperature and pressure were 
maintained to the reference values (T=300 and 310 K, P=1bar) using the Berendsen thermostat 
and barostat
33
 with the coupling time constant of τT=0.1 ps for temperature and τp=0.5 ps for 
pressure, respectively. The isothermal compressibility of 4.5x10
-5
 bar
-1
 was used for all the 
simulation. Particle mesh Ewald (PME) method
34
 was applied for the long-range interactions 
with a real space cutoff of 1 nm, a Fourier mesh spacing of 0.12 nm. The Lennard-Jones 
interactions were calculated using the cutoff of 1.4 nm. The protonation state of the peptide 
amino acids in all simulations was assumed the one at neutral pH. All the systems were initially 
energy minimized using steepest descent algorithm of at least 1000 steps in order to relax the 
system and remove too close contacts among atoms. Hence, they were gradually heated from 50 
K up to the simulation temperature within 1 ns of simulation. The length of the final production 
run of each simulation is reported in Table 1.  
 Analysis of the MD trajectories. The VMD
35
 program was used to render the images of the 
molecular structures. Gromos clustering method
36
 of the peptide conformations has been used to 
analyze the structural changes during the simulation. A cutoff criterion of 0.25 nm on the 
backbone root mean square deviations (RMSD) among all the conformations in a trajectory is 
used to classify the structures in different clusters. A total of 10000 structures, sampled every 50 
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ps from the 500 ns trajectories, have been used for the analysis. The conformation with the least 
deviation from the other structures in the same cluster is considered as the representative one 
(median structure) of the cluster. Secondary structure analysis was performed referring to 
Kabsch and Sander’s algorithm.
37
 The radial distribution functions (RDFs) for the specific ion 
were calculated with respect to C-α atom of each amino acid residue and represented all together 
as two-dimensional “heat” maps. In this representation the x- and y-axes represents the distance 
from C-α atoms, and the amino acids, respectively.  The colors in the plots codify for the RDF 
distributions values. The number of TFE (nTFE) and water (nH2O) molecules at 0.6 nm from the 
Cα atoms of each amino acid in the peptide was used to estimate the relative fractional TFE 
concentration as: 
 = 	 (	)⁄	 (	)⁄                                                                                                         (1)                                                                                 
where NTFE and NH2O  are the total number of TFE and water molecules in the simulation box 
(see Table 1). The RFTC gives a qualitative estimation of the local TFE concentration around the 
amino acids of the peptide with respect the average one.  
Calculation of the peptide hinge angle. For the calculation of the hinge angle, we assume that 
the hinge occurs at the G9-I10-G11 amino acids as observed in the NMR structures. The Cα 
atoms of the two segment 2-10 and 10-19 was used to calculate the angle. The hinge angle (θ) 
was calculated using matrix of the momentum of the coordinates. The methods consist in the 
calculation of the principal axis of the two sets of atoms by using the covariance matrix of the 
coordinates calculated as follows 
 = 
∑ ∑ ∑∑ ∑ ∑∑ ∑  ∑                                                                                                       (2) 
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where the summation is over the number N of the Cα of the considered peptide segment. By 
diagonalizing the matrix C, three eigenvectors, and the corresponding eigenvalues (λ) are 
obtained. The eigenvectors give the directions (cosine directors) of the principal axis along with 
the Cα coordinates are distributed. In the case of α-helix the eigenvector with the largest 
eigenvalue () is a good approximation to the helix axis. The hinge angle was calculated using 
the inner product of two vectors collinear to the largest eigenvectors from each peptide segments, 
with origin the Cα of I10 and pointing towards the beginning and the end of the peptide, 
respectively. The length of the segments is calculated as 2. Finally, the form factor for the 
segment is given by  
 = ( )!                                                                                                                                    (3) 
the length of each segment from the largest eigenvector and the corresponding form factor 
provide comparative factors for the shape of the peptide segments. In Table 2, the values of the 
hinge angle and the other structural parameters for an ideal extended α-helix (IDEAL) generated 
using the program VMD are reported.
35
 It can be noticed that the hinge angle is not exactly 180 
but still a close approximation. 
RESULTS 
Structure of the single peptide in the TFE/water mixture. In Figure 1, the secondary structure 
changes versus time for the peptide is reported. The initial α-helix content slowly decreases in 
the first 125 ns and reaches a stable value for the rest of the simulation. The average percentage 
of secondary structure, calculated for the last 150 ns, is equal to ~44.5 % (see the right side of 
Figure 1, violet bar). This value is consistent with the secondary structure content calculated 
using the DSSP program from the 20 deposited NMR conformations of the peptide in the DPC 
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micelle is equal to 45±10 %.  This result is in good quantitative agreement with experimental CD 
measurements providing percentages of helicity ranging from 35.1%  at pH = 4.0 
20
 to 54.4 % at 
pH = 7.0.
21
  
The RFTC per amino acid (Figure S11 of SI), calculated in the last 25 ns of the simulation, gives 
an average value of 2.2±0.5 with the maximum value in correspondence of the middle of the 
peptide (IGIG region), where the TFE concentration is three times higher than the bulk. The 
increase of TFE concentration around peptides (coating effect) was also observed in the AMP 
Melittin and other secondary structure forming peptides.
31
   
Finally, an average value of 140 ± 20 for the hinge angle was obtained from the last 50 ns of 
simulation (see Table 2). This value is in close agreement with the experimental value of 143 ± 
21 obtained from the experimental structures of the peptide in DPC micelle (see Table 2).  
Structure of the single peptide in water solution. Figure 2 shows the changes during the 
simulation time of the CA-MA peptide secondary structures in LSC and HSC conditions, and at 
both T=300 K and 310 K. The percentage of secondary structure for the last 250 ns has been 
calculated and the average values are presented as histogram plots on the right side of the figure.  
For the simulation 1W300 (Figure 2, top), a sharp decrease of α-helix structure for the first 15 
amino acids occurs in the first 20 ns followed by the formation of a β-hairpin  in the C-terminal 
region of the peptide.  The increase of the salt concentration, in the HSC simulations, reduces the 
kinetics of α-helix unfolding (Figure 2, second plot), with the results that the average helical 
content is 2.5 times higher than in the low salt concentration simulations. Finally, the increase of 
the temperature till 310 K resulted in an irreversible loss of α-helix also in the region 15-20 (see 
Figure 2, third plot). In this case, the peptide show a similar contents of β-strands as in the 300K 
simulation, but very low contents of α-helix (see right side of Figure 2). The low amount of α-
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helix is in qualitative agreement with experimental CD measurements on the conformations of 
the peptide in solution.
12,18,21
 In particular, the presence of 5.8 % of α-helix structure for the 
1I300 simulation (Figure 2, first chart, violet column bar) is consistent with the value of 5.9 % 
reported from CD measurements of the CA-MA peptide in 10 mM sodium phosphate buffer (pH 
7.2) at 25℃.21 Our model suggests that at 300 K the peptide retains more α-helical structure at 
HSC than at LSC. However, at HSC and 310 K (physiological conditions) the α-helix disappears 
almost completely.  
Cluster analysis has been performed for all single peptide simulations. In Figure S2 of SI, the 
cumulative number of clusters is reported. In all the simulations the number of cluster converges 
to plateau, but at different simulations times. For the simulation 1I300 (red curve), the curve 
plateaus to 69 clusters after 150 ns. At higher temperature (green curve) a larger variety of 
conformations are generated and the curve start to plateau to 150 clusters after 250 ns. For the 
low temperature LSC simulation (black curve) the convergence is slower with a temporary 
plateau at 69 clusters and a subsequent increase up to the final plateau of ~125 clusters after 400 
ns.  In Figure 3, all representative structures (RS) of the first 5 clusters are reported. For the 
system 1W300, the most abundant cluster contains 28% of total conformations with the median 
RS at time of 153 ns (see Figure 3, first column). The RS has residues at positions L4, F5 and 
G9, I10 that form two β-strands with the turn region at positions K6, K7 and I8. A β-bridge is 
also observed at both N and C-terminals, including residues W2 and K19. The rest of peptide 
residues adopt turn or bend secondary structures. The second cluster contains 13.7% of the total 
conformations with the RS at 409 ns. The main secondary structure in this cluster mainly 
consists of two β-sheets, separated by turn. Finally, clusters 3, 4 and 5 contain together about 
15% of total conformations. N-terminal region of the median structure of cluster 3 shows random 
coil conformation, while the last four residues in the C-terminal region form a α-helix. Median 
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RS’s of clusters 4 and 5 present β-sheet secondary structures in the N-terminal regions and by β-
turns in the middle. C-terminal region is composed of the residues forming a α-helix for the 
cluster 4 and β-bridge for the cluster 5, respectively.  
In the simulation 1I300, the first cluster represents the 71 % of total number of the analyzed 
conformers (Figure 3, second column). The representative structure consists of a β-hairpin with 
two β-strands at positions K3, L4 and K12, F13 and α-helix at the C-terminal residues 15 – 19 
(HSAKK). The clusters 2 – 5 contain in total only ~12 % of the total conformers population and 
are comparably populated (~3%). The representative clusters show an abundance of β -strands 
structures with the exception of clusters 2 and 5 in which a segment of α-helix is present at 
positions 13 – 19 (FLHSAKK) and 10 – 14 (IGKFL), respectively.  
In the third column of Figure 3, the RSs of the clusters for the system 1I310 are reported. The 
percentage of population for the different clusters resembles of from the 1W300 simulation. In 
addition, they show similar secondary structure composition. In particular, the presence of β-
sheet formed by the residues at positions 4–8 (LFKKI) and 13, 14 (FL) with bend and turn 
regions in between. Amino acid residues localized near to the C-terminal for the RS of cluster 1 
have bend and turn secondary structures, whereas for the RS of cluster 2, amino acid residues 
adopt mostly random coil conformation. For cluster 3 the RS is random coiled with the exception 
of residues at positions 5–8 (FKKI) that form a α-helix. The last two representative structures of 
clusters 4 and 5 are mainly in α-helical conformation.  
 
 Distribution of ions around the peptide. In Figure 4 the graph representing the RDFs of the Cl
-
 
ions for the systems 1I300 and 1I310 are presented. The positions of the peaks of the RDF for 
the Cl
-
 ions show a tendency to bind the positively charged peptide. In particular, the Cl
-
 ions 
tend to localize in correspondence of the positively charged amino acids at positions 6, 7, 18, 19, 
Page 12 of 38
John Wiley & Sons, Inc.
Biopolymers
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
13 
 
at both 300 K and 310 K. In comparison, the RDFs for Na
+ 
and water oxygen atoms do not show 
high-localized peaks around the peptide (see Figure S3 of SI). 
The bottom panel of the Figure 4 reports the Cl
-
/Na
+
 ratios (calculated for each amino acids 
using the number of ions within 1.5 nm) at low (blue curve) and high temperatures (red curve) 
compared the total box ratio (bulk ratio, black line). The ratios show that the average 
concentration of the Cl
-
 ions is 6.4 times larger than the bulk phase, which shows again the 
preferential binding of Cl
-
 in comparison to the Na
+
 ions.  
 
Peptide Aggregation. 
Structural properties of the peptides. The effect of concentration on the structural properties of 
CA-MA has been analyzed with simulations of systems containing four peptides at the same 
conditions as for the single peptide. In Figure 5 A and Figure S4 of SI, the secondary structure 
variations along the simulations 4W300, and the histogram of the average (last 250 ns) 
percentage of secondary structure are reported. Peptides 1 and 4 retain both 30-40% of α-helix 
structure during the simulation. The α-helix comprises the amino acids 15-19 (HSAKK) for the 
peptide 1 and the 3-7 (KLFKK) and 9-18 (GIGKFLHSAKK) ones for the peptide 4. The peptide 
2 loses completely the α-helical content after 430 ns and the peptide 3 after 85 ns. Peptide 3 
forms a very stable β-hairpin after 100 ns of simulation involving the amino acids 2-7 
(WKLFKK) and 11-17 (GKFLHSA) separated by the flexible hinge region 8-10 (IGI). 
In Figure 6 A, a diagram showing the minimum distances between peptides pairs, calculated 
considering only the backbone atoms, is reported. The low minimum distances, shown by red 
color band in the graph on the top, indicate the formation of two aggregation complexes that take 
place one, between peptide 1 and 4 (1:4), after 30 ns, and the other, between peptide 2 and 3 
(2:3), after 430 ns, respectively. It is interesting to note that for the 1:4 complex the loss of α-
Page 13 of 38
John Wiley & Sons, Inc.
Biopolymers
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
14 
 
helix structure is less in comparison to the 2:3 peptides complex. In Figure 6B, the final 
structures of the peptides are reported. The residual α-helix fragments of the peptides 1 and 4 are 
antiparallel aligned while the third peptide bind with its residual α-helix on the top of the other 
two. The contacts occur on the hydrophobic side of each peptide mainly through aromatic 
residues. In particular, they take place between residues pairs F13-F13 and W2–W2 for the 
peptide 1 and peptide 4 (see Figure 6 B, top).  
In the 4I300 simulation (Figure 6 A, middle graph), an aggregate of three peptides is formed at 
the end of the simulation. Peptide 2 and 4 aggregate almost at the beginning of the simulation, 
and, after 90 ns, also the peptide 3 joins the complex. Also in this case, the interactions of the 
peptides in the complex (see Figure 6 B, middle) involve the aromatic residues F5–F20–F20 of 
the peptides 2, 3 and 4, respectively, and between the two W2 residues of the peptides 2 and 3. 
The aggregation prevents the unfolding of the initial α-helix structure (see Figure 5B, violet bars 
and Figure S5 (top panel) of SI), but more effectively than for the peptides at LSC (Figure 5 A 
and Figure S4 of SI). These results suggest that high salt and peptide concentration can 
cooperatively stabilize α-helix structure of the CA-MA peptide. To further verify the effect of 
the aggregation on the residual α-helix stability, the 4 peptides at the end of the 4I300 
simulations each of them has been solvated in a box of water at the same ionic concentration as 
the 1I300 simulation. After equilibration (as described in the Method section), the systems have 
been run for 200 ns. In Figure S5 (bottom panel) of SI, the secondary structures of the 4 peptides 
during the simulation are reported. The peptides 2, 3, 4, forming the aggregate in the simulations 
4I300, have lost the initial residual C-terminal α-helix and for peptide 2 and 4 β-strand structures 
start to form towards the end of the simulations. Peptide 1 shows also a large destabilization of 
the residual α-helix structure with formation of β-bridge structures. 
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The increase of the temperature by 10 K results in a loss of α-helix structure and in the increase 
of β-strand structures (Figure S6 of SI and Figure 5 C). In this case two aggregates are formed 
between peptide 1 and 4 after 150 ns, and by peptide 2 and 3 after 275 ns (see Figure 6 A, 
bottom graph). In the bottom panel of Figure S6 of SI, the configurations of the four peptides 
sampled every 20 ns starting at 50 ns for the peptide 1 and from 100 ns for the other peptides, are 
reported. In all the case but peptide 4, the transition occurs through the progressive lost of the C-
terminal helix and the formation of β-hairpin type structures. The time course of the backbone 
contacts within 0.6 nm is also reported in the diagram of Figure S7 of SI. An average number of 
~22 contacts is observed between the peptide pairs involved in aggregation. In this case, the 
amino acids involved in inter-peptide contacts are the residues H15 – F13 of the peptide 1 and 4, 
and the two F13 of the peptides 2 and 3.  
Structural properties of peptides in the TFE/water mixture. The effect of the TFE co-solvent on 
the peptide aggregation has been investigated for both the systems 4T300S and 4T300L. The 
secondary structure changes for the four CA-MA peptides during the two simulations are shown 
in Figure S8 and S9 of SI. For the system 4T300S, there is a high tendency for all the peptides to 
retain their initial α-helical structure. In the case of the system 4T300L, only peptide 1 and 4 
retain a residual α-helix. The β-hairpin structure in the peptide 3 unfolded after 150 ns. On the 
left side of Figure 7, histograms of the average percentage of secondary structure for the four 
peptides in the two simulations are reported. The average amount of α-helix for peptides 1, 2 and 
3 from simulation 4T300S is over 60% with the exception of the peptide 4 that is only ~30% (see 
Figure 7 A). In the case of the 4T300L, only peptides 1 and 4 retained between 20-30% of the 
initial α-helix structure (see Figure 7 B).  
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In Table 2, the average hinge angles for the four peptides from the 4T300S simulation are 
reported.  For the first two, the angles are systematically larger than the isolated peptide in the 
same condition but still within the standard deviation of the NMR value (140±10). The third one 
shows a larger hinge angle but a more compact shape of the segments (lower form factor) than 
the one from the single peptide simulation and the NMR structures. Finally, the last one has a 
significant smaller hinge angle than the other three and also a larger standard deviation that 
evidence large fluctuations of the two α-helical segments.  
On the right side of the Figure 7, the conformations of four CA-MA peptides at 250 ns for the 
corresponding systems are reported.  In Figure S10 of SI, the number of contacts along the 
simulation is reported. For the simulation 4T300S, the peptides did not show binding contacts 
until the end of the simulation run.  
Moreover, as shown in Figure 8 by the increase of the minimum distance, the peptides in the 
initial aggregated state (simulation 4T300L) disaggregate completely at the end of the 250 ns 
simulation.   This is even more evident by looking in Figure S10 of SI to the P1-P4 and P2-P3 
contacts, present at the beginning of simulation, that disappear completely within 90 ns. 
The values of RFTC per amino acid (Figure S11 of SI), calculated in the last 25 ns of the 
simulations 4T300S, give an average value of 2.4±0.3 with a maximum of 3 in correspondence 
of the residue (IGIG) as observed in the simulations of the isolated peptide. In the case of the 
simulation 4T300L (Figure S12 of SI), an average RFTC value of 2.3±0.3 and a maximum in 
correspondence of residues 4-16, in which the concentration is 2.5 times higher than the box 
concentration, is observed. The TFE coating effect can also provide a possible explanation of the 
peptide clusters disaggregation. In fact, the presence of TFE reduces the strength of the 
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interactions between aromatic and apolar side chains of the peptides favoring their solution in a 
more hydrophobic solvent.
31
  
In Figure S14 of SI, the cumulative numbers of cluster along the different high peptide 
concentration simulations are reported. In the system 4W300 (see Figure S14 A of SI), the 
number of clusters for the peptides 1, 3 and 4 converges to different values (54, 85 and 25), and 
at different simulation times, 350 ns, 120 ns and 25 ns, respectively. On the contrary, the number 
of clusters for the peptide 2 (red curve) grows constantly until the end of the simulation 
indicating a higher conformational flexibility than the other three peptides.  In the case of 
simulation 4I300 (Figure S14 B of SI), the three peptides evidenced a rapid convergence to a 
number of clusters (in the interval 40-78) comparable to those observed in the 4W300 
simulation. The peptide 4 (blue curve) shows the lowest conformational flexibility in all the 
simulations with a convergence after 150 ns to only 9 clusters. Finally, for the system 4I310 
(Figure S14 C of SI) only peptide 1 (black curve) rapidly plateau to 58 clusters, the lowest 
number of clusters, while the other three reach after ~200 ns a relatively stable plateau to a larger 
value.  The number of clusters obtained from the high peptide concentration simulations is rather 
similar to the one from the isolated peptide simulations (see Figure S2 SI).  
In Figure 9 the RS’s of the most populated clusters of each peptide for the different simulations 
are shown. For each structure, the time of occurrence during the simulation and the cumulative 
percentage of cluster population are also reported. In the 4W300 simulation, the peptides are 
mostly uncoiled, except the peptide 4, which shows the presence of α-helix content. The initial 
helical content is better preserved in the most of the most abundant clusters from the 4I300 
simulation. Finally, the first three RS’s from the 4I310 simulation show mostly β-hairpin-like 
conformations and the fourth a small α-helix. 
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Distribution of ions around the peptides. In Figure S15 of SI, the heat plots of RDFs for both 
ions with respect each residue of the 4 peptides in the 4I300 simulation are reported. The Cl
- 
ions 
tend to accumulate around the peptides 2, 3 and 4 depleting ions from the isolated peptide 1. This 
effect is quantitatively shown by the higher Cl
-
/Na
+
 ratios (Figure S15 of SI, bottom panel) for 
the peptides 2, 3 and 4 compared to the peptide 1. The graphs also show that for the peptide 1 the 
highest values correspond to the amino acids G11 and A17, for the peptide 2 to the K7 and F13, 
for the peptide 3  to the F5, G9 and I10, and, finally, for the peptide 4 to the residues L14, A17 
and K18, respectively. 
In Figure S16 of SI, the heat plots of the RDFs for the Cl
-
 ions with respect to the residues of 
each peptide for the 4I310 simulation are reported. The binding of the ions to peptides 1, 2 and 3 
is preferentially localized to the central residues while for the peptide 4 to the terminal residues. 
The Cl
-
/Na
+
 ratios for the peptide 1, 2 and 3  (Figure S16 bottom panel) show a minimum at the 
residues 8-11, corresponding to the IGIG sequence, with the lowest value at positions G9 and 
I10. On the contrary, the peptide 4 has more constant values of the Cl
-
/Na
+
 ratio with a maximum 
for the G9 residue. 
 
DISCUSSION AND CONCLUSIONS 
In this paper, we have performed MD simulations of one and four chains of the CA-MA hybrid 
peptides in 50% TFE/water mixture, and in water at different ionic strengths and temperatures. 
The 50% TFE/water mixture simulations, starting with the NMR conformation of one and four 
CA-MA peptides, generated peptide conformations with α-helix content comparable to the 
experimental one. The role of non-aqueous solvent environment in the stabilization of secondary 
structure of peptides or in their aggregation is not yet a completely understood phenomenon at 
molecular level.
31
 In the case TFE/water mixtures, there are evidences from experimental 
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measurements
40
 and computational studies
31
 that the stabilization effect can occur via the 
preferential binding (coating) of the peptide surface by the TFE molecules that both prevents 
water molecules to destabilize the backbone hydrogen bonding network and promotes a 
favorable hydrophobic environment for aromatic and apolar side chains.
41
 Previous simulations 
studies using the same TFE model and force field type as in this work have shown that the α-
helix structure of different antimicrobial peptides is retained consistently with experimental 
NMR data in the presence of fluorinated solvents as TFE
28,38
 and 1,1,1,6,6,6-
hexafluoroisopropanol.
29
 The stabilization of the α-helix regions in the CA-MA peptide 
simulation is determined by the same mechanisms as it is shown by the increase of the RFTC 
around the peptide at both low and high peptide concentrations. In addition, the results of the 
simulation starting from the peptide aggregate have shown that the TFE/water mixture 
solubilizes the peptide chains by improving the interactions with the solvent of the aromatic 
residues involved in intra-chain interactions. The amount of α-helix observed in our simulations 
is also in good agreement with the experimental data. 
The presence of a hinge in the α-helical structure associated with a G(X)nG motif has been 
observed and studied in many AMP.
42-45
 The general opinion is that the hinge assists the peptide 
to deeply insert in the lipid bilayer from the N-terminal regions that is contains invariably a 
tryptophan amino acid that determine the orientation of the insertion. Indeed, for the CA-MA 
peptide, the deletion of the flexible GIG region or the substitution of with GPG sequence 
compromises both its antimicrobial and tumoricidal activity but the substitution with the only the 
proline amino acid in the CA-MA-P2 retains its antibiotic activity.
18,21
 This results suggested that 
the flexibility in this region central helix-hinge-helix is important for the antibiotic property of 
the peptide.  The analysis of the average hinge angle in TFE showed that the peptide segment 1-
10 and 10-20 form an angle similar to the one observed for the NMR conformation in DPC. The 
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presence of a kinked peptide is recurrent in pore-forming peptides and the presence of previous 
studies have suggested that the hinge region is important for effective orientation of the peptide 
of the two helices within the bacterial cell membrane. Our simulations evidence the presence of 
hinged conformations in the presence of hydrophobic membrane mimic environment for both the 
peptide at low and high concentration (in the last case the angle is slightly larger and less 
fluctuating). Finally, the value of the hinge angle is comparable with the observed in the NMR 
structures in DPC and larger of the value (128±30) observed for the modified peptide with the 
IGI sequence replaced with Pro amino acid.
21
  
Depending on the type of ionic components, solution of salts can have stabilizing or destabilizing 
effects on peptides or proteins (Hofmeister effect).
46
 There are several recent theoretical studies 
based on MD simulations, which are directed to understand salt effects on both structure and 
dynamics of polypeptides.
47-50
 In a recent simulation study, ion binding specificity to residue of 
the S6 ribosomal protein surface has been investigated.
49
 Similarly to our results regarding to 
distribution of ions with respect to CA-MA peptide, they have found that at physiological 
concentrations (120 mM), Cl
-
 ions tends to have higher concentration on the protein surface 
compared to Na
+
. Also Dzubiella et al.
50
 have recently studied using MD simulations the effect 
of high concentration (2.5-2.7 M) of of NaCl, KCl, NaI, and KI on the α-helicity of alanine-
based peptides. The results of this study suggest that all these salts, with the exception of the NaI,  
play a stabilizing role on the secondary structure of the peptide.
50
 In particular, a systematic 
increase of α-helicity has been observed for all the peptides simulated in the presence of salty 
environment. In our case, we have also found an increase of α-helicity for the peptides in 150 
mM NaCl, despite the concentration of the salt is 18 times lower, than the one used by Dzubiella 
(2.7 M NaCl).   
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In all the simulations, the dominant secondary structure was the β-strand. The formation of β-
strand structure was also observed in other MD simulations study of different AMP (but not all) 
in water.
29,38
 Unfortunately, from the available experimental data is not possible quantify if this 
results is consistent with the actual population of peptides with β-strand secondary structure 
contents present in solution. If it is not a conformation preference caused by the force field 
model then our simulations suggest that the peptide tend to adopt β- stranded structures at low 
concentration in aqueous solutions.   
 
Simulations at the higher temperature of 310 K determine the complete disappearance of the N-
terminal α-helix conserved at lower temperature simulations and the formation of β-stands.  
At high peptide concentration, there is a rapid aggregation of the peptide chains that, in turn, 
promote a further stabilization of the secondary structure. The observed aggregate contains up to 
3 peptides in a  arrangement that resembles the tetrametric complex observed in the 
crystallographic structure of the Melittin peptide.
39
 The contacts occur on the hydrophobic side 
of each peptide mainly through aromatic residues. A possible explanation of this effect is that the 
peptide aggregation reduces the water accessibility to the backbone delaying for this peptide the 
unfolding kinetics. One of the mechanism of pore formation in biological membranes by 
antimicrobial peptides involve the formation of peptide aggregates on the surface of the 
membrane.
23,24
 How these peptides are recruited at high concentration is still an unsolved 
problem. Our results suggests the possibility of the formation of stable aggregates with a 
sufficient number of peptides that once on the surface of the biological membrane can induce the 
formation of the pore.  
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In conclusion, in this study, the effects of different solution conditions (salt concentration, 
temperature, solute concentration and solvent) on the structural stability and association of the 
antimicrobial CA-MA peptide have been analyzed. Our simulations shown that the dilute peptide 
has low α-helix contents in water solution with tendency for β-stranded conformations.  At 
higher peptide concentration the N-terminal α-helix can be stabilized by aggregation and ionic 
conditions. However, the aggregate are metastable and relatively small temperature changes can 
results in an increase of its β-strand contents. Soluble peptide aggregates may help to recruit 
peptides on the surface patches of bacterial and cancer cell at a concentration sufficiently high to 
provide an effective pore formation activity. Future simulation study on the interaction of single 
and aggregated peptide chains on the surface of lipid bilayer may help to clarify this hypothesis. 
The understanding of the details of this process can be useful for a better design of antimicrobial 
peptides for novel antibiotic or anticancer drug. 
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TABLE CAPTIONS 
Table 1. Summary of the composition and temperature condition of the simulated systems.  
Table 2.  Hinge angles, segment lengths and their form factors of the peptides calculated in the  
last 50 ns of all the simulations. 
 
FIGURE LEGENDS 
Figure 1. Secondary structures changes during the time for single peptide simulation in 50% 
(v/v) TFE-containing aqueous solution. At the right side from the plot is shown the percentage of 
average secondary structure for the corresponding simulation within the last 100 ns and the 
peptide conformation at 250 ns (the last configuration).  
Figure 2. Secondary structures changes during the time for single peptide simulation in water at 
T=300 K (first plot), 150 mM NaCl solution at T=300 K (second plot) and at T=310 K (third 
plot). At the right side from the plots are shown percentages of average secondary structure for 
the corresponding simulations. 
Figure 3. First five representative structures obtained from cluster analysis out of the simulation 
of CA-MA hybrid peptide for the systems 1W300, 1I300 and 1I310. Color code for the amino 
acids in chain: K – blue, W – red, L – pink,  F - magenta, I – green, G – violet, H – orange, S – 
yellow, A – cyan. Here N-terminal that starts with L is marked in blue, C – terminal, that has F is 
labeled in magenta. 
 
Figure 4. Top panels: Heat plots of the RDFs for the Cl
-
, Na
+ 
and Ow respect to each residue of 
CA-MA peptide in 150 mM NaCl solutions at T=300 K (up) and T=310 K (down). Bottom 
panel:  Cl
-
/Na
+
 ratios for the systems 1I300 (blue), 1I310 (red) within 1.5 nm from C-α atoms of 
the peptide. 
 
Figure 5. Percentages of average secondary structure for the simulation of 4 CA-MA peptides in 
water at T=300K (A), in 150 mM NaCl solution at T= 300 K (B) and at T = 310 K (C) for the 
last 250ns. 
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Figure 6. A) Plots for the minimum distances vs. time between the backbones of the peptides 
simulated in the system 4W300, 4I300 and 4I310. Colors are codifying the distances between the 
backbones of the peptide pairs. B) Representation of the peptide’s aggregated conformations 
from the simulations 4W300, 4I300 and 4I310, respectively. In licorice are highlighted amino 
acids, involved in contacts between the peptide pairs.                   
Figure 7. On the left side are shown the percentages of average secondary structure for the 
simulation of 4 CA-MA peptides in 50% (v/v) TFE-containing aqueous solutions for the systems 
4T300S (A) and 4T300L (B). On the right side are shown the corresponding conformations of 
four peptides at 250 ns. 
Figure 8. Plots for the minimum distance vs. time between the backbones of the peptide pairs 
simulated in 50% (v/v) TFE-containing aqueous solutions for the systems 4T300S and 4T300L. 
Figure 9. Representative structures obtained from the cluster analysis out of the simulation of 4 
CA-MA hybrid peptides in water at T=300 K, in 150 mM NaCl at T=300 K and at T=310 K. The 
color code is the same as in the case of simulation of single peptide (see Figure 3). 
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Table 1: Summary of the composition and temperature condition of the simulated systems.  
 Simulation 
reference 
code
* 
N
o
 of 
Peptides 
N
o
 of water 
molecules 
N
o
 of 
Na
+
 ions 
N
o
 of Cl
-
 
ions 
N
o 
of TFE 
molecules 
Temp. 
(K) 
Sim. 
Length 
(ns) 
1 1W300 1 33082 0 8 0 300 500 
2 1I300 1 32906 88 96 0 300 500 
3 1I310 1 32906 88 96 0 310 500 
4 4W300 4 32683 0 32 0 300 500 
5 4I300 4 32509 87 119 0 300 500 
6 4I310 4 32509 87 119 0 310 500 
7 W300 0 33155 8 8 0 300 10 
8   1T300 1 16121 0 8 4310 300 250 
9  4T300S 4 15868 0 32 4251 300 250 
10  4T300L 4 15868 0 32 4251 300 250 
* The numbers on the left and right side of the letter indicate the number peptides in the simulation and 
the temperature, respectively. The capital letter stands for: W, water; I, high ion concentration; T, 
TFE/water mixture, respectively. Example: 1W300 is the simulation of single peptide in water at 300 
K. The letter S and L in the last two simulations indicate the different initial peptides coordinates used 
in the two cases.  
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 Table 2: Hinge angles, segment lengths and their form factors of the peptides calculated in 
the last 50 ns of all the simulations. 
 
Peptide set/ 
Simulation 
Hinge Angle 
(degrees) 
Length of 
Segment 1 
(nm) 
Length of 
Segment 2 
(nm) 
Form factor 
for segment 1 
Form factor for 
segment 2 
IDEAL  174 0.8 0.9 2.6 2.9 
NMR  143 ± 21 0.9 ± 0.1 0.90±0.02 3.0 3.0 
1T300 140 ± 20 1.0 ±  0.1 1.0 ± 0.2 3.3 2.9 
4T300S 150 ± 10 1.0 ± 0.1 0.9 ±  0.1 3.2 2.8 
150 ± 10 0.97 ± 0.05 0.9 ±  0.1 3.3 2.9 
160 ± 10 0.8 ± 0.10 0.89 ±  0.05 2.6 2.7 
100 ± 60 1.0 ± 0.2 0.9 ±  0.1 3.3 2.8 
4T300L 100 ± 40  1.3 ± 0.2 0.9 ± 0.1  5.1 2.3 
110 ± 30 1.4 ± 0.1  1.4 ± 02 6.0 5.0 
65 ± 46 1.4 ± 0.1 1.5 ± 0.2 5.0 5.1 
120 ± 30 1.4 ± 0.1 1.0 ± 0.1 5.5 2.9 
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Figure 1. Secondary structures changes during the time for single peptide simulation in 50% (v/v) TFE-
containing aqueous solution. At the right side from the plot is shown the percentage of average secondary 
structure for the corresponding simulation within the last 100 ns and the peptide conformation at 250 ns 
(the last configuration).  
82x22mm (300 x 300 DPI)  
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Figure 2. Secondary structures changes during the time for single peptide simulation in water at T=300 K 
(first plot), 150 mM NaCl solution at T=300 K (second plot) and at T=310 K (third plot). At the right side 
from the plots are shown percentages of average secondary structure for the corresponding simulations.  
70x38mm (300 x 300 DPI)  
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Figure 3. First five representative structures obtained from cluster analysis out of the simulation of CA-MA 
hybrid peptide for the systems 1W300, 1I300 and 1I310. Color code for the amino acids in chain: K – blue, 
W – red, L – pink,   F - magenta, I – green, G – violet, H – orange, S – yellow, A – cyan. Here N-terminal 
that starts with L is marked in blue, C – terminal, that has F is labeled in magenta.  
508x508mm (72 x 72 DPI)  
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Figure 4. Top panels: Heat plots of the RDFs for the Cl-, Na+ and Ow respect to each residue of CA-MA 
peptide in 150 mM NaCl solutions at T=300 K (up) and T=310 K (down). Bottom panel:  Cl-/Na+ ratios for 
the systems 1I300 (blue), 1I310 (red) within 1.5 nm from C-α atoms of the peptide.  
284x431mm (200 x 200 DPI)  
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Figure 5. Percentages of average secondary structure for the simulation of 4 CA-MA peptides in water at 
T=300K (A), in 150 mM NaCl solution at T= 300 K (B) and at T = 310 K (C) for the last 250ns.  
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Figure 6. A – Plots for the minimum distances vs. time between the backbones of the peptides simulated in 
the system 4W300, 4I300 and 4I310. Colors are codifying the distances between the backbones of the 
peptide pairs. B – Representation of the peptide’s aggregated conformations from the simulations 4W300, 
4I300 and 4I310, respectively. In licorice are highlighted amino acids, involved in contacts between the 
peptide pairs.  
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Figure 7. On the left side are shown the percentages of average secondary structure for the simulation of 4 
CA-MA peptides in 50% (v/v) TFE-containing aqueous solutions for the systems 4T300S (A) and 4T300L (B). 
On the right side are shown the corresponding conformations of four peptides at 250 ns.  
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Figure 8. Plots for the minimum distance vs. time between the backbones of the peptide pairs simulated in 
50% (v/v) TFE-containing aqueous solutions for the systems 4T300S and 4T300L.  
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